The normally slow rates of growth and of cellulose synthesis by certain strains of Acetobacter in static culture were accelerated greatly when these strains were cultured in shaken, indented flasks or in stirred aerated fermentem, whereby the time factor ww reduced from 8-4 weeks to 2-4 days. Optimum yields of cellulose from Acetobacter acetigenum strain EA-I and A. xylinuna strain HCC B-155 were produced in shaken, indented fiasks, in a medium of hydrolysed molasses which contained 4 4 % of sugar and about 0.05% of nitrogen (as ammonia). Comparison of eleven strains of cellulose-forming Acetobacter sp. in static and shaken culture showed that all produced less cellulose and all except two showed less growth in shaken culture. Yields of cellulose in stirred, aerated fermenters decreased with increasing air flow rates, although the growth level remained constant. The results suggest that increased aeration decreases the yield of cellulose by causing decreased synthesis of cellulose per unit cell weight, but the involvement of celluloseless mutants cannot be excluded. Addition of neutralizing agents to the fermenter culturesincreased the yields of cellulose by the order of 50%.
The growth of cellulose-producing Acetobacter strains is slow in static cultures, even in the most favourable media; long cultural periods from 10 days to 6 weeks have been used in studies on cellulose production (e.g. Brown, 1886;  Tarr & Hibbert, 1981; Kaushal & Walker, 1951) . Acetobader acetigercum requires up to 9, 18 or 40 days for growth and cellulose synthesis to reach completion in a favourable hydrolysed molasses medium containing respectively 1-5 %, 4.0 % or 7.9 % sugar (Dudman, 1959a) . A possible explanation of the slow growth of these strictly aerobic organisms is that the peEcle at the air/liquid interface forms an effective barrier between atmospheric oxygen on one side and the nutrients on the other, causing the rate of growth to be limited by the rates a t which these penetrate the pellicle to the cells within.
It h E L I s I long been known that pellicles in Acetobacter cultures may be sunk by gentle agitation allowing the formation of fresh pellicles, a process that may be repeated until the nutrients in the medium are exhausted. Since the multiple pellicles obtained in such intermittently disturbed cultures are each thinner than the single pellicle produced by undisturbed cultures grown under the same conditions it is possible that cellulose synthesis may be stimulated by such manipulations. No quantitative examination of this has been reported.
An obvious way of accelerating the growth of these organisms would be by preventing the formation of the pellicle altogether, by growth in vigorously shaken or agitated cultures. Schrarnm & Hestrin (1954) examined the behaviour of Acetobcacter xglinum in shaken cultures, and found that although the formation of the pellicle was prevented, growth being obtained instead in the form of stellate bodies, cellulose production after 2 and 5 days growth was less than half that in static cultures grown in the same medium for the same time. They also found that growth under agitated conditions favoured the growth of mutants unable to synthesize cellulose and that prolonged culture or repeated subculture on the shaker led to complete failure to produce cellulose. It is possible, however, that other strains may be capable of sustained high cellulose yields in shaken culture.
In the present study the behaviour of Acetobacter acet&enuna strain EA-I was examined in static culture with multiple pellicle formation and in shaken cultures grown in smooth-walled and indented flasks. Cellulose yields from shaken cultures of fifteen Acetobacter strains were compared and the strains with the most favourable characteristics used for detailed study in shaken flasks and in 10 1. fermenters.
METHODS
Organisms. In addition to the organisms previously used (Dudman, 1959a) four other strains of Acetobacter xyZinum were included in the present work. Media. Details of the media used are given with the results. The hydrolysed molasses was prepared by the action of crude yeast invertase as described previously (Dudman, 1959a) or by hydrolysis with phosphoric acid. In the latter case the crude blackstrap molasses was diluted with 2vol. of water and &th volume, relative to the initial molasses, of syrupy phosphoric acid (sp.gr. 1.75) added. The solution was boiled for 1 hr., cooled and concentrated ammonia added to give the desired concentration of ammonia-N. The molasses solution was then further diluted to 10 vol. relative to the initial volume of molasses. Sodium hydroxide solution was used to adjust to pH 6 and the solution clarified by centrifugation. The medium was finally diluted to give the desired final sugar concentration (usually 5 % sugar, requiring an overd 17-fold dilution).
Aavoam. dwlytical m e t h o d s . The static cultures and shaken cultures in smooth-walled flasks were analysed by the methods described by Dudman (1959a). The shaken cultures grown in the indented flasks did not produce the usual pellicle and therefore required a different procedure for the determinationof cellulose and weight of organism. Methods based on the observation that the pulp-like cellulose product was retained by sintered glass filters were used. AS a routine step before filtration 1 ml. of 10 yo (w/v) mercuric chloride solution was added to the cultures to inhibit cellulose synthesis during analysis; organisms from young active cultures were capable of rapid cellulose synthesis in filtrates when sugar was present. The shaken cultures were filtered through s i n k 4 glass ahd the filtrates kept for analysis.
The pulpy residues on the filters were washed thoroughly with water and transferred to conical flasks, where they were suspended in N-NaOH and left overnight on the rotary shaker. The suspensions were filtered on sintered glass and the cellulose residues acidified with dilute acetic acid until permanently acid to methyl red. The cellulose was washed exhaustively with water and dried to constant weight at 1 0 5 ' . Cellulose obtained in this way contained 0-5-0-9 % N, equivalent to 8.1-5.6 % protein, indicating that it was about
Residual sugar was determined in the initial culture filtrates after centrifugation to remove organisms. Growth in the shaken cultures was estimated in one of two ways. At first a direct method (method A) was used in which organisms in the turbid filtrates and washings were estimated turbidimetrically; the organisms remaining in the cellulose shreds were estimated by nitrogen determinations in the alkaline extracts, as in the case of solid pellicles (Dudman, 1959~). The growth in the culture was obtained by adding the results of the separate determinations. Reproducible results were obtained with replicate cultures but the method is tedious and unsuitable for large numbers of cultures. This disadvantage was avoided in an indirect method (method B) in which growth was measured by difference between the residua3 soluble nitrogen and the total nitrogen initially present in the medium, on the assumption that soluble nitrogen removed from the medium during growth is converted wholly to cell nitrogen. This assumption has been shown to be correct for ammonia nitrogen in defined medium (Dudman, 1959 b) . In a series of comparative determinations on 14 shaken cultures using both methods, growth estimated by method A was lower in 8 cultures (by about lo%), identical in 2 cultures and higher in 9 cultures (by about 80 %) than found by method B.
The cultures in the 10 1. fernenters were analysed in essentially the same way as those grown in the indented flasks. Samples were removed at intervals for pH, residual sugar and residual nitrogen determinations. The samples were centrifuged before analysis to removed organisms and cellulose shreds. Growth w8s estimated by method B. Cellulose yields were determined only at the end of the famentation when the fernenters were opened. The cellulose masses were collected initially by pouring the cultures through layers of cotton gauze; further handling was by centrifugation. Where necessary the cellulose 95 % pure.
W. F . Dudmart was macerated in a Waring blendor before washing exhaustively with water, treatment with normal sodium hydroxide, acidification and further washing.
The cellulose was bleached with chlorine dioxide, and again washed exhaustively. The white purified celldose was collected either on s h h r e d glass funnels or in a small basket centrifuge and dried a t 1 0 6 ' . In three flasks the pellicles were sunk by gentle agitation on the seventh and fourteenth days and fresh pellicles permitted to grow, giving three pellicles in each flask. In three other cultures the pellicles were removed aseptically after 7 days and a second pellicle permitted to grow. Undisturbed cultures which produced one thick pellicle were used €or comparison. The successive pellicles in all the cultures were analysed separately. The removal of intermediate pellicles from the culture surface did not have any significant effect on the total cellulose yield or growth ( Table 1) .
&mth ira smooth-walled shaken $ a &
The influence of shaken culture in smooth-walled flasks on growth and cellulose production by Aeetoba;cter acetigmtbm strain EA-I was examined, using the hydrolysed molasses medium described above, with 304% (w/v) total sugar. The cultures were grown in lOOml. medium in 250d. flasks without indentations, inoculated with 0.25d. of 2-day culture, and cultured under three sets of conditions for comparison: (a) shaken a t 224 rev./ min., (b) static, (c) intermediate conditions in which the cultures were grown static for 7 days to allow pelficles to form and then put on the shaker for 20 days.
Growth in the shaken flasks in the early stages resembled the stellate irregular bodies described by Schramm & Hestrin (1954), but by the seventh day these combined to form large single masses which on further growth developed fhn smooth surfaces. After about 20 days each culture contained one large, smooth, wedge-shaped mass of celluloseforganisms. It was thus possible to andyse the growth obtained in these shaken cultures with the methods used for *tic cultures. The cultures grown under the static and shaken conditions were analysed after 7,18,20 and 27 days incubation, but the cultuwlg grown under the intermediate conditions were analysed only after 27 days. 
88
The results are shown in Fig. 1 . No important differences between the shaken and static cultures were found in the rates of 5 d values of sugaz utilization, cellulose production or growth. However, ta difference between the shaken and static cultures was found in the pattern of conversion of utilized sugar. In the static cultures the conversion level was high (22-28 yo) in the fipst half of the growth period and then decreased to half this level after 27 days. In fact cellulose synthesis had almost stopped during the last 7 days, while sugar utilization continued a t an undiminished rate. Conversion of utilized sugar in the shaken flasks increased almost linearly during the first 20 days, after which it remained constant. The behaviour of this strain in shaken indented flasks was examined quantitatively in a hydrolysed molasses (invertase) medium containing (all %, w/v} total sugar, 2.8 %; (NH4)$04, 0-8 %; Kl&P04, 0-5 %; Marmite, 0.5 %; adjusted to pH 6; 100 d. rmdium/flask. The flasks were inoculated with loopfuls from a sixth serial shaken subculture after 418 hr. growth. The cultures were grown on the shaker at 290rev./dn. and analysed by method A.
Cellulose from &merged culture
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Sugar utilization, growth and cellulose synthesis were complete in 2 days (Fig. 2) Comparism of strains in cultures grown in shalcen indented $asks
The behaviour of fifteen strains of Acetobacter organisms, capable of producing cellulose when grown under static conditions, was examined in shaken cultures grown in indented flasks. The organisms included Acetobacter acetigmum (2 strains), A. xylifium (10 strains), A. kiitzingianzcm (2 strains) and A. pastezlriarnzlm (1 strain), 11 strains of which had been examined in static culture previously (Dudman, 1959a). Each strain was examined in three serial cultures on the shaker to find whether cellulose yields were affected by repeated subculturing on the shaker. Table 2 show that when the results for static cultures (when available) are compared with those for the shaken cultures, all the strains produced less cellulose and all but two strains pmduced less growth on the shaker. 
Opthum qgtw a d nitrogen cowentr&h for shaken cultures
The influence of s u p concentration on cellulose yields from A c e t o b d r acetigenwm strain EA-I and A. xylinuna strain HCC B-155 in cultures grown in sfiaken indented flasks was examined in a medium containing hydrolysed molasses (invertase) at concentrations ranging from 0.9% to 1007% total sugar and (-4m04, 008%; KH,p04, 0.5%; lKadte 0 4 % (a31 %, wlv).
The medium was adjusted to pH 6. The flasks weax inoculated with 1 ml. of &day static culture, and the cultures grown for 7 days in the shaker at 290 rev./ min.
Sugar concentrations below 8.7 yo limited cellulose yields from both strains (Fig. 8); concentrdons above 3.7 yo reduced the yields from strain EA-I, but the yields *om strain HCC B-135 were unaffected by concentrations up to 10.7 yo. However, the conversion of sugar to celldase decreased with increasing sugar concentration. The two other high-yielding strains (Hestrin and NRJRJ;-B-9'75) gave results very similar 20 strain EA-I. When examined at the other shaker speeds the same pattern of results was obtained.
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The influence of nitrogen concentration on cellulose production by strains EA-I and HCC B-165 was studied in a simplified medium omittingKH&' O, and Marmite. The molasses was hydrolysed with phosphoric acid as described in Methods and various amounts of concentrated amrnonia added to portions of the molasses to give concentrations ranging from 0 % to 0.106 % N (as ammonia). The sugar concentration in the medium was 5.8% (w/v). After inoculation with loopMs of &day shaken cultures the cultures were grown for 5 days on the shaker at 290 rev./min, Cellulose yields from strain EA-I were-limited by nitrogen concentrations below 0.028 yo while yields from strain HCC B-155 were limited by concentrations below 0*046% (Fig. 4) . Both strains showed signs of sensitivity to higher nitrogen concentrations by giving slightly decreased yields at 0.106 yo N. As a result of these experiments it was decided to w e the simplified medium containing 4-5 % sugar and 0.5-0-1 yo N (as ammonia) in subsequent submerged aerated cultures. The behaviour of AC&&&W m&igemm s t r a i n EA-I and A. &imm strain HCC l3-155 was compared in the fermentem, and the latter found fo have m a impixtant advantage. In addition to @ping mmpamble ugh yields, strain HCC B-156 s h o d little temckncy to € o m solid masses of growth on the baffles and propeller shaft, in mtrast to strain EA-I which did.m d y . Strain HCC 3-155 was thediwe chosen for further study. Howevery the ability of this strain to produce its growth in the form of well-divided floccules appears to be a mutable property making it necessary to maintain a number of parallel cultures which are tested a t intervals. Strain HCC B-165, like strain EA-I, was found to be unable to attack sucrose; it was thus necessary to hydrolyse the sucrose in molasses before use. different rakes (0.12, 0-57' and 0-971. air/l. medium/min.). Shortly after inoculation 100 ml. samples were removed aseptically in sterile indented flasks for growth on the shaker for comparison. At daily intervals shaken cultures and 50 ml. samples from the fermenters were analysed. The rates of sugar and nitrogen utilization were not affected by the airflow rates used, but the rates in the fermenters were lower than in the shaken flasks (Fig. 5) . Cellulose was produced by the cultures in the fermenters as a suspension of shreds or floccules consisting of the usual stellate bodies. Cellulose yields from the fermenters were decreased by increasing air flow rates, although the growth level was not affected. Increased aeration thus reduced the synthesis of cellulose/unit dry weight of organism. The most favourable conversion of total sugar to cellulose in the fermenters was only 1.5 %, while that in the shaken cultures was 8.2 yo.
Nezltralizing agents. It was found in the experiment above that the pH values in the fermenters fell to about 8-5 within 24 hr. and showed no subsequent rise. It was thought possible that cellulose yields would be increased if the cultures were neutralized to keep the pH values more favourable. This possibility was explored by comparing results from a control culture with those from cultures neutralized by (i) daily addition of sodium hydroxide solution to adjust to pH 6, (ii) daily addition of 20 g. chalk, and (Z) one addition of 80 g. chalk at the beginning of the fermentation. Because the organism failed to grow in the medium when sterilized together with chalk it was necessary to sterilize the chalk separately; the evidence suggests that the inhibitory action of chalk sterilized in the medium is due to a pH effect.
The simplified medium was used, containing 4.4 % (w/v) total sugar and 0*08% N (as ammonia). Each fermenter contained 41. medium. After sterilization two fermenters were adjusted to pH 6 with 22 ml. 10 % (w/v) NaOH, while 80 g. chalk and 20 g. chalk were added to another two fermenters. Each fermenter was inoculated with 400 ml. of 8-day (first) shaken culture of strain HCCB-155. The cultures were stirred at 516rev./min., and aerated at a very low rate (0-081. air/l. mediumlmin.). At daily intervals 5 0 d . samples were removed for analysis and the pH value in the fermenters adjusted by the appropriate treatment. The cultures were grown for 6 days.
Sugar utilization was more rapid in the neutralized cultures and reached higher final values than in the control culture (Fig. 6) . Analysis of the residual sugar on the sixth day by a modification of the method of Mokrasch (19541) showed that 90 % of the residual sugar in the control culture was fructose; the increased sugar utilization in the neutralized cultures was due to increased fructose utilization. When the cellulose was harvested, much of the chalk was found trapped in the cellulose shreds. Despite prolonged treatment with 10% (v/v) acetic acid, cellulose from the cultures neutralized with chalk had very high ash contents (Table 8) . When the results were corrected for ash, the cellulose yields from the three neutralized cultures were similar and represented an increase of the order of 50 yo over the control.
The value found for cellulose/dry wt. of organism in the control fermenter in the present experiment has been included in Fig. 5 for comparison 
DISCUSSION
The slow rate of growth and cellulose synthesis of Acetobacter organisms was accelerated only when growth was carried out under conditions that prevented the formation of pellicles or large solid masses. The dependence of the increased growth rate on obtaining growth in a finely divided sta'te, in which the effective surface area of the solid mass in contact with the medium is greatly increased, suggests that the slow growth rate under static conditions is caused by the slow rate of penetration of oxygen and nutrients into the pellicle. As growth and cellulose synthesis in static cultures take place mainly in the upper part of the pellicle (Schramm & Hestrin, 1954) it is likely that the limiting process in static cultures is the rate of diffusion of oxygen into the pellicle. Accelerated growth is obtained however at the expense of decreased cellulose yields. All the cellulose-producing strains for which static results are available produced lower yields in their Arst shaken cultures in indented flasks than in static cdtures, and nearly all produced less growth. The decrease in cellulose synthesis, however, was relatively greater than that of growth, shown by the smaller cellulose:cell-nitrogen ratios obtained in the shaken cultures. The results obtained with the submerged aerated cultures of A c e t o w qlinwn strain HCC B-155 clearly show the inverse relationship between aeration and cellulose yields, which-was found to arise through decreased cellulose synthesislunit of growth.
The inverse relaitionship between aeration and c e l l b yields may be interpreted to mean that increased aeration leads to a shift in the metabolism of the organisms away from cellulose synthesis toward increased oxidation of the sugar substrate. Minor, Greathouse, Shirk, Schwartz & Harris (1954) found evidence of thig in static! e u l h e s af Ac&d~cter z@mma; they faund that whenever oxiddon of the wxbstmte was of a high ordes, i n b t e d by the 
